A c c e p t e d M a n u s c r i p t
Introduction
Nanomagnetic structures are considered as data carriers in nanometer sized, lowpower spintronic applications. Amongst these applications, logic [1, 2] and memory devices are most promising, and continual research has resulted in steady advances over the last decade. For instance, starting from the original in-plane magneticdomain-based racetrack memory [3] , several generations with marked improvements were developed [4] . These developments range from data representation in domain walls instead of domains, over the shift towards out-of-plane magnetized materials or the use of antiferromagnetically coupled layers to minimize stray fields. One of the most important recent proposals is an implementation in which data is not longer stored in domain walls, but in topologically protected magnetic bubbles with a diameter of only a few nanometer, called skyrmions [5, 6] . These topological structures can be found in magnetic films with a broken inversion symmetry, allowing for a non-zero chiral Dzyaloshinskii-Moriya interaction (DMI) [7, 8, 9] . In very thin ferromagnetic films, this asymmetry can be induced by the coupling of the ferromagnetic layer to a nonmagnetic layer with a strong spin-orbit coupling [10] . This type of DMI, commonly referred to as the interfacially induced DMI, allows the formation of isolated skyrmions [11] . Recently, skyrmion stability at room temperature [12] and even controlled skyrmion motion have been experimentally demonstrated [13] , and the technological know-how to reliably read and write single skyrmions [14] was developed.
However, regardless of the racetrack memory implementation, from the simplest domain-wall based design up to the most advanced skyrmion racetrack, it remains crucial that the motion of the magnetic structures representing the data can be accurately controlled for these devices to operate efficiently and reliably. This is not only important for their basic functioning, e.g. to place the data below a read or write head, but also to ascertain that there remains sufficient distance between the different structures to keep them from colliding. Especially in technological applications which operate in the magnetically noisy environment caused by Oersted fields due to surrounding electronics, the device should be robust against small perturbations. Because of this, the first racetrack memory design already included notches to pin the data to fixed locations [3] . As an interesting side effect, these notches allowed the domain wall to reach higher velocities during their motion through the track [15] ; an effect attributed to the suppression of the Walker breakdown, similar to the behavior reported in nanotracks with edge roughness [16] . The use of notches to increase the reliability has also been considered for skyrmion racetrack memories [17] , where the interplay between the driving current and the pinning potential on the skyrmion shows nontrivial effects that can be exploited in e.g. skyrmion diodes [18] , where the depinning threshold depends on the direction in which the skyrmion encounters the notch. Further interesting results were obtained in the study of a skyrmion lattice in which the skyrmions were approximated by rigid objects, and were excited by a combination of both an AC and a DC driving current [19] . There, the skyrmion motion couples to a periodic two-dimensional potential 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Coupling of the skyrmion velocity to its breathing mode in periodically notched nanotracks3 landscape, resulting in motion against the electron flow, or regimes in which the velocity is almost independent on the strength of the driving force.
It is clear that the motion of skyrmions through periodically modulated potential landscapes displays rich dynamics, and a full understanding of this motion will be of benefit to the realization of skyrmion-based spintronic devices. In this paper, we study the motion of a skyrmion driven through a nanotrack with periodically placed notches, and show that the notches are able to excite internal skyrmion resonances at certain velocities, where the system exhibits robustness against small perturbations in the driving force. In the second part of the paper, the study is extended to the motion of a current-driven domain wall and we show that, despite the fact that domain walls are far more rigid objects than skyrmions, the mobility displays similar behavior. Finally, the effects of nonzero temperatures on the motion at low driving forces are discussed in the context of future probabilistic skyrmion logic applications.
Methods

Micromagnetic simulations
All micromagnetic simulations were performed using the GPU-accelerated software package MuMax3 [20, 21] , to numerically solve the Landau-Lifshitz-Gilbert equation [22] extended with two spin-transfer-torque (STT) terms [23] 
Here, m is the magnetization, normalized to its saturation value M sat , and H eff is the effective field comprised of the exchange, magnetostatic, anisotropy and interfacially induced DMI fields, whose strength is determined by the material constants A ex , M sat , K u and D denoting the exchange constant, the saturation magnetization, the uniaxial anisotropy constant, and the interfacially-induced DMI parameter, respectively. Furthermore, the gyromagnetic ratio, the vacuum permeability and the phenomenological damping constant are given by γ = 28.02495 GHz/T, µ 0 = 4π × 10
Tm/A, and α, for which we used a value of 0.01 in our simulations. In the last two terms, j denotes the charge current density, β the degree of non-adiabaticity, and
is a prefactor determined by M sat , the spin polarization P of the current, the electron charge e, and the Bohr magneton µ B . It has been shown that current-induced spin-orbit torques (SOT), typically generated at the same interfaces that induce DMI, can be a more efficient way to drive skyrmions. However, SOT-driven skyrmion motion is generally more complex than STT-driven motion because these torques also work in the out-of-plane direction and consequently change the (dynamic) equilibrium skyrmion size at large driving currents. Moreover, also the skyrmion Hall angle depends on the size of the driving current. These effects are intrinsic to the SOT-driven skyrmion motion, and are unrelated to the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t interplay between the skyrmion breathing mode and the skyrmion velocity, which is the focus of this study. In order to avoid unnecessarily complicating the results, we therefore only consider Zhang-Li spin transfer torques as a skyrmion driving mechanism. We simulate infinitely extended geometries by restricting the computation to a window centered around and moving with the magnetic structure under study while compensating the magnetic charges at the edges of the window when necessary [24] . As we consider infinitely thin films magnetized in the out-of-plane direction, the magnetostatic field can be accounted for by including it as an extra term in the anisotropy field to arrive at an effective anisotropy constant
allowing us to avoid the time-consuming calculation of the magnetostatic field in the simulations [25] . Moreover, a characteristic length δ = A ex /K eff and a critical DMI strength D c = 4 √ A ex K eff /π can be defined [26] , with the latter corresponding to the DMI strength at which the chiral domain wall energy becomes negative. In the following section, we will prove that the skyrmion size, when rescaled with δ, only depends on the parameter D/D c .
Universal skyrmion size and breathing mode frequency
In order to extract the skyrmion diameter d from micromagnetic simulations where we have easy access to the average out-of-plane magnetization component m z , we calculate d as
with S the total area of the simulation window, and the plus (minus) sign corresponds to a positive (negative) out-of-plane skyrmion core magnetization in a background consisting of a negative (positive) out-of-plane magnetization. In order to investigate the skyrmion size, we let it relax to its equilibrium size by minimizing the energy towards its local minimum using a steepest descent method [27] . We performed this numerical experiment for 5 different sets of material parameters K eff , A ex , M sat , detailed in Table 1 .
As can be seen in Fig. 1 , upon rescaling with δ, all diameters indeed coincide on one single universal curve which only depends on D/D c . As the skyrmion size diverges for D = D c , and finite-size effects of the simulation window started to manifest themselves, we do not show results for D > 0.98D c . For small values of D < 0.65D c , skyrmions are stable in the continuum limit up to infinitely small sizes. However, due to the finite size of the simulation cells, the skyrmions lose their stability in simulations nonetheless. In practice, this could be circumvented by considering smaller cell sizes. However, at these length scales the micromagnetic framework, which is a continuum approximation, is not longer physical, and we therefore do not consider these values either. A c c e p t e d M a n u s c r i p t Coupling of the skyrmion velocity to its breathing mode in periodically notched nanotracks5 The aim of this paper is to investigate the skyrmion motion as it couples to the excitation of an internal mode. The best candidate is the skyrmion breathing mode, which is a dynamical mode defined by an oscillation of the skyrmion size around its equilibrium value [28, 29, 30] . In order to study this mode, we initialize the simulation from the relaxed skyrmion state, and excite it with a magnetic field pulse in the same out-of-plane direction as the skyrmion core magnetization to enlarge the skyrmion. After the pulse, the skyrmion size oscillations are simulated while they damp out towards the equilibrium size, and we determine the frequency of the breathing mode from at least 10 oscillations. We repeated these simulations for all sets of material parameters given in Table 1 , and additionally verified that the extracted breathing mode frequency was independent of the field strength of the pulse and of the damping constant α. The amplitude of the excitation, however, depends strongly on the damping, and decreases at higher damping. The obtained results are shown in Fig. 1 , and coincide when rescaled with f 0 = γK eff /πM sat , corresponding to the precession frequency of a magnetic moment around the anisotropy axis. This implies that the obtained equilibrium size and breathing mode frequency can be rescaled to any set of material parameters. A c c e p t e d M a n u s c r i p t
Before turning to the investigation of skyrmion motion through a notched nanotrack, we briefly review the skyrmion mobility through nanotracks in the absence of notches. A skyrmion can be driven either by a spin-transfer torque or spin-orbit torque [6] . As already mentioned, we only consider spin-transfer torques in our simulations. In any case, the skyrmion will generally move under an angle (called the skyrmion Hall angle) with respect to the current flow [6, 13, 31] , so the skyrmion artificially needs to be guided along the desired track using one of the following methods. One method is to surround the nanotrack by a non-magnetic material [5] , which generates a repulsing edge potential that forces the skyrmion to remain on its track [32] . Note, however, that this potential barrier can be overcome at large current densities, resulting in a collision between the skyrmion and the edge, and the subsequent annihilation of the skyrmion. A second option which suffers less from this disadvantage is to define the track by variations in the anisotropy constant between the nanotrack and its surroundings [33] . This can be achieved either by irradiating the track, so K u lowers [34] , or by placing a higher K u material along the nanotrack edges [35] . In the region with higher K u , the critical DMI constant D c is higher, making it energetically favorable for the skyrmion to remain in the low K u region, i.e. on the track. In our simulations, we will use a similar way to define the nanotracks by using a smaller DMI constant D edge along the nanotrack edges, as suggested in Ref. [36] . Changing the DMI strength locally can be achieved by altering the thickness of the ferromagnetic layer, or more realistically, by using lithographic techniques to (partially) change or remove the DMI inducing nonmagnetic layer on top of the ferromagnet. The skyrmion velocity v || , in the direction parallel to the current flow v s = −bj, is given by Eq. (5), based on the Thiele equation [37, 38, 39] :
In this equation, G = 4πQ, where Q = 1 is the skyrmion number, and D is the dissipation tensor element [38] , accounting for the skyrmion profile. As confirmed by Eq. (5), when α = β, then v || = v s and the skyrmion moves in the same direction as the electron flow [40, 41] . This could already be inferred from the LLG-equation, as its solution (given by Eq. (1)) is identical to the solution in the absence of a current while moving at a velocity v = −bj when α and β are identical. The focus of this paper lies on the interesting features displayed by the forward skyrmion motion along a nanotrack as it couples to periodically placed notches. To avoid an unnecessary elaboration on the details of the driving mechanism, we will therefore restrict ourselves to a spin-transfer-torque driven skyrmion in which α and β are equal. In most materials, this is not the case, and there the skyrmion will also display a sideways motion which will have to be abated by e.g. adapting the geometry of the notches or by using a system consisting of antiferromagnetically coupled layers in which the skyrmions show only forward motion [42] . We conclude this section by repeating that the skyrmion, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t size, breathing mode frequency and velocity display universal behavior, and therefore, we will use only the first set of parameters from Table 1 in our simulations, without a loss of generality.
Results and Discussion
Skyrmion mobility in notched nanotracks
Skyrmions are insensitive to weak disorder [41] and move around geometric notches [5] . We will add notches the same way as we defined the edges of the nanotrack, i.e. by scaling-down the DMI constant D edge . The system under study is shown in Fig. 2 , and consists of a 128 × 64 × 0.4 nm 3 large simulation window, subdivided in finite difference cells of 0.5 × 0.5 × 0.4 nm 3 . The skyrmion is initialized in the center, in between two 4 nm wide notches, laterally spaced 16 nm apart ‡.
Both the notches and the nanowire edge have D edge = 0 J/m 2 and are represented by a white color in Fig. 2 , while the track has D track = 0.75D c . As the skyrmion travels to the left, the simulation window follows the skyrmion through the geometry in which the notches are repeated every 64 nm, and give rise to energy barriers with a height of about 40 meV. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Coupling of the skyrmion velocity to its breathing mode in periodically notched nanotracks8 We now take a look at Fig. 3 which shows the results for the STT-current driven skyrmion motion in a periodically notched nanotrack. In this simulation, the current density was initialized at j = 2 A/µm 2 , and was then ramped up every 10 ns in steps of 0.1 A/µm 2 until the skyrmion annihilated at j ≈ 9 A/µm 2 . Subsequently, the simulation was repeated, but the current was ramped down to find the dynamic pinning threshold at j ≈ 1 A/µm 2 . As compared to the linear relation between current density and velocity found in a nanotrack without notches (gray line), the mobility now displays two additional features. Firstly, at low current densities, the skyrmion is unable to pass through the notches and gets pinned. Secondly, the velocity displays plateaus of almost constant velocity. These two features explain our choice for j = 2 A/µm 2 to start the simulations from, because it is both higher than the depinning threshold, and smaller than the currents at which the mobility curve starts to display velocity plateaus.
The mechanism behind the plateaus can be understood when looking at the velocities at which they occur, i.e. 360 m/s and 490 m/s. At these velocities, it takes the skyrmion t 1 = 177 ps and t 2 = 130 ps, respectively, to cover the 64 nm distance between two notches. Using the results from Fig. 1 , we determine the breathing mode period to be (1.85f 0 ) −1 = 69 ps. Although there is only a very rough agreement between t 1 /3 = 59 ps, t 2 /2 = 65 ps and this value, we postulate that the skyrmion breathing mode gets resonantly excited when the skyrmion velocity is such that the time interval between two notches equals a small multiple of the breathing mode period. The very rough agreement can be understood because, the skyrmion is confined by the track edges and the notches, causing the period to decrease [29] in comparison with its value determind for an infinite film in Fig. 1 .
The excitation of the breathing mode is further evidenced by the blue curve in Fig. 3 , which shows ∆d, the difference between the minimum and maximum diameter 9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 attained by the skyrmion during its motion. Indeed, ∆d displays clear maxima at the current densities of 3.8 and 5.4 A/µm 2 where we found the velocity plateaus. There also is a small peak visible at 2.7 A/µm 2 , which corresponds to 4 breathing mode periods. This figure also explains why the skyrmion annihilates at high current densities: the skyrmion is excited so strongly that the minimal skyrmion size during its oscillation is too small for the cell size to support the stability of the skyrmion (indicated by the gray areas in Fig. 3) .
We now repeat this study, but instead of ramping the current up (or down), for each current density, the skyrmion is re-initialized in its equilibrium state at rest before applying the current for 10 ns. The results shown in Fig. 4 display two marked differences as compared to the case in which the current was ramped. Here, for instance, the resonances in the skyrmion size are stronger: the skyrmion already annihilates at j = 5.4 A/µm 2 , and there is a very slight peak visible at 2.16 A/µm 2 , corresponding to 5 periods of the breathing mode. From these values we deduce that the one period current density must be found at approximately j = 10.8 A/µm 2 . Strikingly, in contrast to the ramped current case, the skyrmion velocity displays no plateaus.
Both differences lead us to the conclusions that probably, if we would have ramped the current more slowly, the results of Fig. 3 would converge to the results presented in Fig. 4 and, more importantly, that the velocity plateaus visible in the ramped case are a dynamical effect in which the skyrmion robustly keeps moving at its resonant velocity for some time after it is perturbed. This is further supported by the fact that the peaks in ∆d are slightly shifted towards larger current densities when ramping the current up, e.g. 3.6 A/µm 2 in Fig. 4 vs. 3.8 A/µm 2 in Fig. 3 . Let's now take a closer look at the coupling between the skyrmion motion and its breathing mode at the resonant current densities. Figure 5 shows the skyrmion size as function of its position at the current densities indicated by black lines in Fig. 4 , with the exception of j = 10.8 A/µm 2 and j = 5.4 A/µm 2 , where the skyrmion was unstable. A c c e p t e d M a n u s c r i p t
Coupling of the skyrmion velocity to its breathing mode in periodically notched nanotracks10 Instead of the latter, we show the skyrmion size at j = 5.3 A/µm 2 . As expected, the skyrmion diameter is minimal when it passes through the notches (represented by the gray areas) and the number of local maxima in the skyrmion size in between each notch confirms once again that the plotted velocities indeed correspond to 2 (5.4 A/µm 2 ), 3
Page 10 of 20 AUTHOR SUBMITTED MANUSCRIPT -JPhysD-117965. R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Coupling of the skyrmion velocity to its breathing mode in periodically notched nanotracks11 (3.6 A/µm 2 ), 4 (2.7 A/µm 2 ), and 5 (2.16 A/µm 2 ) periods of the breathing mode. Fig. 5  (a) depicts the outer skyrmion diameter as function of position and shows that the skyrmion is moving off center. Indeed, as soon as the skyrmion deviates slightly from the nanotrack center, the side closest to the track edge experiences more drag when moving through the notches and thus deviates further in this direction. In between these resonant current densities the skyrmion size oscillates still periodically, but at a lower amplitude, and the profile lies in between the two closest resonant profiles. The skyrmion motion for all current densities shown in Fig. 5 , and for j = 4.5 A/µm 2 (in between the 2 and 3 period resonances) are shown in the supplementary movies. Fig. 6 (a) which shows ∆d as function of current density for all simulated values of D edge . As expected, the excitation of the breathing modes, and hence ∆d become larger for smaller values of D edge . Notably, the skyrmion gets excited even when D edge is only slightly smaller than D track , and, except for the value closest to D track , the excitation is so strong that the skyrmion loses its stability at the one period resonance. The peaks corresponding with two and three size oscillations per notch are clearly visible in all systems, and shift towards higher velocities for smaller D edge . We extracted the breathing mode periods corresponding to these peaks, and show them as closed (2 oscillations) and open (3 oscillations) red dots in Fig. 6 (b) . The blue horizontal line corresponds to the breathing mode period (1.85f 0 ) −1 = 69 ps determined from Fig. 1 . As expected, the agreement is best for D edge close to D track , where the skyrmion feels the lowest confinement. The observed trend can be understood because the breathing mode period decreases in stronger confining potentials, associated with small D edge values.
DMI strength and notch separation variations
In a next set of simulations, we varied the distance between two consecutive notches with D edge = 0 as 48 nm, 64 nm and 96 nm. The main effect was that the driving currents at which we observed resonances in ∆d scaled linearly with this distance, but there were additional differences. We extracted the breathing mode period by averaging over all stable 2, 3, 4 and 5-period resonances and added them to Fig 6 as a green and purple dot for the 48 and 96 nm separated notches, respectively. Their position relative to the blue line (corresponding to an infinite film) and red dot (corresponding to the 64 nm notch distance), are again explained by the fact that the skyrmion feels a stronger confining potential in closely spaced notches. Furthermore, we observed that the smaller confinement for the larger distances is also reflected in overall larger ∆d for larger distances. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
Coupling of the skyrmion velocity to its breathing mode in periodically notched nanotracks12 
Domain wall mobility in notched nanotracks
In this section, we divert from the study of skyrmion mobility and compare our results to the motion of a domain wall through a periodically notched, in-plane magnetized nanotrack. The plateaus in the skyrmion velocity originated in the coupling between the forward motion of the skyrmion and the excitation of the skyrmion breathing mode. However, in contrast to skyrmions, domain walls are usually considered to be rigid objects whose behavior can be explained excellently without having to account for any internal dynamics [43] . We investigate the STT-current driven motion of a transverse domain wall through a notched permalloy nanotrack. As shown in Fig. 7 , we simulate an infinitely long nanotrack with a width of 100 nm and a thickness of 10 nm. The moving simulation window, following the transverse domain wall, has a length of 800 nm, spans the full width and thickness of the track, and is subdivided in finite difference cells of 3.125 × 3.125 × 10 nm 3 . Permalloy is a soft magnetic material with M sat = 860 kA/m, A ex = 13 pJ/m, spin polarization P = 0.6 and α = 0.01, specifically designed to have no magnetostriction or anisotropy (K u = 0). Furthermore, it has no DMI. The latter 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Coupling of the skyrmion velocity to its breathing mode in periodically notched nanotracks13 property prevents us to include notches with lower D edge as in the skyrmion nanotrack. Instead, at one side of the track, we introduce regions of 2 by 2 finite difference cells, spaced 50 nm apart, with a scaled-down exchange coupling at their edges. In order for the notches to resemble realistic material defects, the exchange coupling is scaled down by 50% [44, 45] .
The energy landscape U felt by the domain wall as function of its position was extracted from the simulations and is shown in Fig. 7 , which shows that the notches give rise to sinusoidal potential landscape with potential wells of approximately 0.1 eV, in agreement with literature values for measured material defects [46] .
To investigate the motion of the transverse domain wall, we perform similar simulations as for the skyrmion nanotrack. In an ideal nanotrack, in the absence of any disorder or notches, a STT-driven domain wall displays a linear relation between the current density and velocity [47, 48] , as shown by the gray line in Fig. 8 . If α = β, the picture would be further complicated by the presence of an intrinsic depinning threshold or a Walker breakdown [48] , but as these effects are well understood already, we restrict 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
Coupling of the skyrmion velocity to its breathing mode in periodically notched nanotracks14
ourselves again to the case with α = β, so we can focus on the effects on the forward motion.
Analogously as in the simulations of skyrmion mobility, the current is applied in two ways. Firstly, before applying a certain current density j, the domain wall is initialized from its equilibrium position pinned to a notch. Then the current is switched on and the domain wall motion is simulated for 20 ns, which is more than sufficient for the motion to attain a steady state. Secondly, we start from the simulation at j = 10 A/µm 2 and the current density is ramped down at a velocity of 5 A/µm 2 /µs. The former corresponds to the red curve in Fig. 8 , while the latter corresponds to the blue curve. From approximately j ≈ 2 A/µm 2 onwards, the red and blue curve coincide, and show two velocity plateaus at approximately v = 140 m/s and v = 310 m/s. However, these plateaus are unlike the plateaus observed in the skyrmion case in two ways. On the one hand, the first plateau does not correspond to the excitation of an internal mode of the domain wall, but instead the domain wall as a whole makes an oscillatory motion from one notch to the next. The second plateau does, however, correspond to the excitation of an internal mode. The domain wall motion at both of these resonant velocities, as well as at an intermediate velocity are shown in the supplementary movies. Secondly, the fact that the blue and red curve coincide proves that, unlike the skyrmion case, the domain wall gets into this resonance disregarding whether it was directly excited at the relevant current density, or whether it was slowly approached from a different current density. This means that this mechanism to stabilize the velocity might be better suited to domain wall based devices, than their skyrmion counterparts. Finally, at low current densities, an extrinsic depinning threshold is visible due to the pinning at the notches. The differences between the depinning current threshold displayed by the red and blue curve are discussed in detail in the next section.
Low current and bistable regimes
To understand the behavior at current densities below 3 A/µm 2 we take a closer look at the potential landscape the domain wall moves through. In the presence of a driving force, the sinusoidal landscape gets tilted and is typically called a washboard potential.
Generally speaking, there exist three different mobility regimes, corresponding to the size of the tilt of the potential. In the first regime, called the pinned regime, the driving force is too weak to sustain any motion. A domain wall at rest in a local energy minimum will stay at rest, and a moving domain wall will dissipate its energy and come to a stop. This regime is schematically depicted in panel (b) of Fig. 9 and corresponds to current densities below 1.5 A/µm 2 in panel (a).
In between the low and high driving force regimes, there is an intermediate regime, in which the motion can enter two possible states [49] . First, there is a locked state, in which the driving force does not suffice to push the domain wall out of the potential well. In this case, the wall will come to a rest in an equilibrium position where the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Coupling of the skyrmion velocity to its breathing mode in periodically notched nanotracks15 driving force and the force due to the potential well are balanced. Secondly, a running solution exists, in which the wall has enough speed to overcome the barriers in between the potential wells and keeps moving along the nanotrack. In this solution, the velocity will oscillate depending on the position in the periodic energy landscape but will be nonzero on average. The threshold current density between these two regimes depends on the initial velocity and position of the domain wall. For instance, the red mobility curve in Fig. 9 (a) corresponds to a domain wall initialized at rest, while the blue curve corresponds to a domain wall which was initialized in motion, and consequently remained in motion down to much lower current densities. The locked and running state are schematically depicted by the red and blue dot in panel (c), respectively.
Finally, in the flow regime, the driving force is sufficiently strong so the tilt in the potential landscape causes the local minima to disappear, and the domain wall will always move forward. In Fig. 9 , where this regime is schematically shown in panel (d), this corresponds to the region where the red and blue curve coincide in panel (a).
At nonzero temperatures, thermal fluctuations can help the domain wall to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t overcome the energy barriers due to the notches, drastically affecting its mobility. To investigate this regime, we perform an additional set of simulations at a temperature of 300 K. In the micromagnetic framework, temperature is added as a stochastic effective field term to the LLG-equation [50, 51] , which we then solve using an adaptive timestepping method detailed in Ref. [52] . The green line in Fig. 9 shows the average velocities and their uncertainties extracted from 10 such simulations, in which each current density was applied for 100 ns. Instead of the pinned regime found at 0 K, we now see a creep regime in which the domain wall makes thermal jumps from one local energy minimum to the next. In a previous study we investigated the motion of a domain wall in the creep regime by deriving an equation which approximates the domain wall as a rigid object and describes its motion through nanotracks with an arbitrary energy landscape at finite temperatures [53, 54] . For a randomly disordered nanotrack, we found a linear velocity-current creep scaling law at low current densities. We solved the equation again for a periodically notched nanotrack and again find a linear relation between the velocity and current. In the intermediate current regime, a third possible state is found in which the domain wall switches between the locked and running state, and is therefore called the bistable state [49] . In this state, as shown schematically in Fig. 10 , the domain wall enters the running state and moves forward until, at a random point in time, thermal fluctuations cause it to lose too much energy and become trapped. At a still later time, the thermal fluctuations can then cause the wall to gain enough energy to overcome the energy barrier and enter the running state again, until the process repeats itself.
Note that it is not trivial that the velocity shown in Fig. 9 at 300 K seems lower than the velocity found at 0 K. The reason for this counterintuitive behavior lies in the fact that the red curve corresponds to the velocity of the domain wall when the current density is instantaneously turned on. If the current density is slowly ramped up, the domain wall, which in fact is not a completely rigid object [55] , can adapt its profile to the new situation and the onset of the flow regime shifts to much higher current densities.
We now turn our attention back to skyrmion mobility. The low current regimes of Fig. 3 and Fig. 4 are repeated in the inset of Fig. 9 , as a blue and red curve corresponding to the running and locked regime, respectively. This figure shows that the skyrmion motion through a notched nanotrack at low current densities is qualitatively the same as domain wall motion and also consists of a pinned, locked, running, and flow state.
Although a full study of the thermally assisted skyrmion mobility lies beyond the scope of this article, we like to point out that the dynamics displayed in the bistable regime are very similar to the operating principle of a skyrmion reshuffler based on the combination of a driving current and thermal diffusion [56] . A reshuffler is a key component in probabilistic computing as it uncorrelates two signals while preserving the ratio of '1's and '0's in a bit sequence. This is important because this ratio determines the outcome of the actual computation. The reshuffler presented in Ref. [56] consists of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Coupling of the skyrmion velocity to its breathing mode in periodically notched nanotracks17 two distinct tracks (one for each bit) through which the skyrmions are driven by a DC current. Similar to the time necessary for a skyrmion to run through a nanotrack with a periodically modulated potential, once the skyrmions enter the reshuffle chamber, the moment at which they escape again is stochastically determined by the combination of the driving current and thermal diffusion.
Conclusions and outlook
In this paper we investigated the motion of skyrmions and domain walls through nanotracks with periodically placed notches, consisting of areas with reduced DMI constant. Alternatively, we could have divided the track over its full width into a periodic sequence of regions with different DMI values. Instead of passing through notches, the skyrmions would then have to move over these regions. In our study, the notches dynamically excite the breathing mode when the skyrmion velocity is such that the time necessary to move between two consecutive notches coincides with a small multiple of the breathing mode period. This manifests itself as a peak in the diameter oscillations during the skyrmion motion. Moreover, this coupling between the mobility and the nanotrack geometry makes the skyrmion velocity robust against small perturbations. More specifically, we showed that the skyrmion velocity remains constant when ramping the driving current density. For most notch parameters used in our study, the breathing mode excitation was so strong that the skyrmion could collapse when driven at its resonant velocity. This can however be mitigated as we have shown that notches with a very weak potential are already able to excite the skyrmion, and do not cause it to collapse.
We provided an explanation based on the skyrmion breathing mode why the resonances are found at certain velocities, which can be used to tune the notch parameters, e.g., their separation distance, to bring the resonant velocity to any desired value. This might offer a strategy to stabilize the velocity in racetrack memory devices against unwanted external perturbations like Oersted fields, often encountered in technological applications. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
Coupling of the skyrmion velocity to its breathing mode in periodically notched nanotracks18
We focused on spin-transfer-torque driven motion, but we checked that the coupling between the skyrmion breathing mode and its velocity remains visible in the case of spinorbit-torques driven motion. Therefore, the results can in principle also be extended to SOT-driven skyrmion motion, albeit at the cost of additional complexity due to the current-dependence of the skyrmion size and Hall-angle.
Despite the fact that domain walls are much more rigid objects, we were able to extend our results to domain wall motion as well. As compared to the skyrmion mobility, the domain wall velocity displays large plateaus at which the domain wall oscillates, rendering this system even more robust against driving force variations.
In the last part of this paper, we discussed the motion at low driving forces, and considered the effect of nonzero temperatures to show the similarities between the bistable mobility regime and the dynamics behind the skyrmion reshuffler device. This illustrates that the dynamics studied in this paper are useful for racetrack-like memory devices, but also lie at the foundation of state-of-the-art probabilistic skyrmion logic devices.
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